ABSTRACT
INTRODUCTION
Detection of nucleic acids in gels can be accomplished by a number of methods. In general, these methods can be grouped into a number of classes. These include methods based on radioactive, fluorescent or enzyme-labeled nucleic acids and UV shadowing. Each method has its advantages and particular uses. The simplest is UV shadowing, as it does not require any labeling or staining and is appropriate for a variety of uses, most commonly in our laboratory for the analysis of solidphase synthesized oligonucleotides. In this method, a thin-layer chromatography (TLC) plate doped with a fluorophore is placed beneath a gel, which is illuminated from above with a short wavelength UV light. The UV light strikes the TLC plate, resulting in visible fluorescence, and the presence of nucleic acids in the gel absorbs the UV light, resulting in dark spots in the corresponding position on the TLC plate. One of the disadvantages of this technique is that it does not readily provide a record of the gel, and it yields only a qualitative estimate of the amount of nucleic acid present. This communication describes a method for recording and quantitation of nucleic acids in polyacrylamide gels.
Storage phosphor screen technology is widely used in molecular biology laboratories as an alternative to standard autoradiography (1, 2) . The screens contain europium salts doped into an inert medium, and upon irradiation with high energy radiation, the europium salts are excited to a metastable state. The excited state exhibits an absorption maximum at around 600 nm. Irradiation with light at this wavelength excites the metastable state further to an unstable state that relaxes with the release of a high-energy photon, which can be quantitated. The intensity of the photo-stimulated emission is proportional to the initial (high energy) incident irradiation. The screens are excited by a range of radiation, including UV light, X-rays, βand γradiation (1,2). The screens are used in the biological sciences primarily for the detection and quantitation of X-ray, γ andβ radiation.
In this application, the UV sensitivity of the screens is utilized to record and quantitate the UV shadow generated as described above. In addition, we have used the screens for the transfer of autoradiographic data into images able to be stored and manipulated electronically for presentations and publications.
MATERIALS AND METHODS

CAUTION:
This communicationdescribes the use of short wavelengthUV light, which is hazardous toeyes and skin; thus, take appropriate precautions.
Establishing Conditions for Charging and Erasing Screens
The UV light source we have used is a Model UVGL-15 (UVP, San Gabriel, CA, USA) used on the short wavelength setting (consisting largely of a single emission line at 253.7 nm). The power output from this lamp is 650 µ W/cm 2 at a distance of 7.6 cm. Our standard-sized gel is slightly less than 20 ×20 cm; by having the light source 75 cm directly above the center of the gel, we estimated that the difference in UV light intensity between the center and the edges of the gel was less than 1%. We have used the same lamp at this fixed distance in all our subsequent experiments. To determine the kinetics of charging, an erased screen was exposed to UV light for varying amounts of time by sliding a piece of cardboard along the screen. The experiment was repeated with a lower intensity of UV light to investigate response of the screens over a wider range of total incident irradiation. The results are shown in Figure 1 . Similarly, for erasing of screens, a charged screen was exposed to the bright yellow eraser light for various time increments between 2 s and 9 min. The relationship between the intensity of the incident light and the average pixel intensity was investigated by reducing the light source to a 3-mm-diameter hole (to approximate a point source), and varying the distance of the light from the screen for a number of exposures of one minute each.
Running Gel and Recording Image
Denaturing polyacrylamide gels containing 7 M urea were prepared in TBE buffer by standard procedures (3). The gels were poured between glass plates separated by 0.6-mm spacers. The gels were pre-run for approximately 1 h at 25 V/cm, then loaded and run for the appropriate time. The samples (2-3 µ L) containing the oligonucleotide were added to an approximately equal volume of loading buffer, containing 0.1% each of bromophenol blue and xylene cyanol, 20 mM EDTA and 85% formamide, heated to 85°C for 2 min, centrifuged briefly and loaded. At the conclusion of the electrophoresis run, the gel was removed from between the glass plates and sandwiched between a thin sheet (ca. 0.05 mm) of UV transparent, low-density polyethylene (LDPE) supported on a frame and a sheet of vita film (Goodyear) (Saran ® Wrap or similar products are also suitable). This procedure is aided by spraying a small amount of water onto the LDPE surface before laying the gel down; this allows the gel to be easily slid and flattened and any bubbles that appear to be squeezed out. The gel, thus sandwiched between UV transparent material, is supported and is able to be readily handled. An erased storage phosphor screen was then laid on a flat surface 75 cm directly below the UV light source. The sandwiched gel was placed flat on the screen, and in a darkened room, the screen was irradiated with shortwave UV light for 30 s. The screen was replaced into its cassette then scanned using the PhosphorImager ™ (Model 400E; Molecular Dynamics, Sunnyvale, CA, USA).
Image Manipulation
The image obtained upon scanning was inverted to give a more "normal" looking image, i.e., the oligonucleotides appearing as dark bands on a light background. ImageQuant ™soft -ware (Molecular Dynamics) allows the user to set the upper and lower limits. The lower limit was set near the intensity of the most intense (inverted) band, and the upper limit was set near the intensity of the background. The image thus generated can then be exported to other manipulation programs for labeling or printed directly. Quantitation of the intensity of the bands was Vol. 20, No. 2 (1996) achieved by counting the intensity of an area of fixed size containing the bands of interest. As the bands appear as negative peaks in a high background, the automatic peak quantification routines in ImageQuant cannot be used.
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However, if the inverted image is stored in TIFF or PICT format, it is able to be analyzed successfully using the program NIH Image (public domain software available by anonymous ftp:zippy.nimh.nih.gov).
DNA Sequencing
DNA sequencing of single-stranded DNA from bacteriophage M13mp18 was conducted essentially according to the manufacturer's instructions using Sequenase ® (Amersham/United States Biochemical, Cleveland, OH, USA), universal primer #1211 (New England Biolabs, Beverly, MA, USA) and [ α -33 P]dATP (ICN Biomedicals, Costa Mesa, CA, USA). Following electrophoresis using the Base Runner ™ system (IBI/Kodak, New Haven, CT, USA), gels were dried and then exposed to Fuji-RX film (Fuji Medical Systems, Stanford, CA, USA) for 3-24 h or the dried gel was exposed to a screen of the PhosphorImager in the conventional procedure. X-ray films were developed and dried. A phosphorimaging screen (Molecular Dynamics) was charged up by exposure to a source of short wavelength UV radiation, at a distance of 75 cm for 30 s. The autoradiogram was placed against phosphorimaging screen and "shadowed" onto the phosphor-imaging screen by exposure to an erasing light box (Molecular Dynamics) for 5 s. Screens were immediately analyzed on the PhosphorImager without further processing. Image intensification and DNA sequence reading were done according to manufacturer's instructions for analysis of conventionally imaged sequencing gels.
RESULTS
The response of the phosphor storage screens to short wavelength UV light is very similar to β -irradiation (2); the screens respond linearly over at least 4 orders of magnitude to the total amount of the incident light (Figure 1 ). They also respond linearly to the UV light intensity in a fixed time period. The distance of the UV source (reduced to a pinhole for this experiment) from the screen was varied, and portions of the screen were exposed for periods of one minute. The average pixel intensity of the exposed region was as expected from the proportionality for radiation from a point source: (I α 1 / r 2 ), where I is intensity, and r is the distance from the source. The erasing of the screens by visible light occurs in a similar linear fashion, with adequate erasure (average p ixe l i ntensit y<0.5) r equirin g a bou t 5 mi n (F igur e1). T h e s creen s a r e n o t c harge d by e xposur e to l on g w avelengt h l igh t (maximu m i ntensit y at 366 nm).
A typical UV-shadowing experiment with a range of oligonucleotide sizes and concentrations is shown in Figure 2 . This figure demonstrates the utility of the technique. The authenticity of the oligonucleotides is visible at a glance: lanes 1-4 contain increasing amounts of a 20-mer; lane 5 contains a "47-mer", which has failed partway through the synthesis; lane 6 contains a purified 15-mer; lane 7 contains a purified authentic 47-mer; and lane 8 contains 0.5 optical density (OD) units of a crude 81-mer showing the large amount of shorter failure sequences present in the preparation. Lane 1 contains only 0.01 OD units, around 400 ng, of the 20-mer. This amount of material is just discernible above the background and is probably close to the limit of detection for this technique.
There is an inverse linear relationship between the intensity of the image and the amount of DNA loaded onto each lane. A rectangle just large enough to contain the band in Figure 2 , lane 4, was drawn and copied to enclose each of the bands in lanes 1-4. The average pixel intensity within each of the rectangles was calculated and plotted against the amount of 17-mer loaded in each lane (Figure 3) . The relationship holds up to at least 0.2 OD units of oligonucleotide. In other examples, we have observed linearity up to 0.5 OD units of material.
The technique can be utilized in the reverse fashion; objects or images that absorb visible light are able to prevent the charged screen from being erased, thus leaving a positive image of themselves on the screen. In this example, Figure 4 , Panel B, we have used the technique to record the image of a DNA sequencing gel. Panel A shows image generated by direct exposure of the same 33 P-labeled sequencing gel to the phosphor storage screen. This allows the data to be automatically read using DNA sequencing software (e.g., ImageQuant; Molecular Dynamics). For autoradiograms in general, this technique allows storage in electronic form so that they can be readily prepared for presentation or publication.
DISCUSSION
This technique uses the storage phosphor technique to record and quantitate the amounts of nucleic acid present in particular bands on polyacrylamide gels. This example has used denaturing gels for the analysis of synthetic oligonucleotides, but it could be used for any UV transparent gel. The sensitivity is not as high as in other methods, but it is ideally suited to the analysis of synthetic oligonucleotides since several microliters from the two or three milliliters of crude oligonucleotide obtained after deprotection in aqueous ammonia usually contains an adequate amount for visualization by this technique. The technique is nondestructive, and the oligonucleotides can be recovered from the gel if required.
The intensity of the screen image is proportional to the amount of incident light, which is dependent on the amount of UV-absorbing material in the gel directly above that area of the screen. The presence of UV-absorbing material in the gel prevents the same intensity of light from reaching the screen, and thus the image is formed. This technique can therefore be used to determine, by comparison with a standard, the amount of nucleic acid present in any particular band in a complex mixture. Most commonly, we use this to analyze the quality of crude preparations of oligonucleotides. It should be noted that the accuracy of the quantitation by this method depends on the quality of the standards. In this example, Figure 2 , the standard was a crude 20-mer, and there are shorter failure sequences just visible. The shorter failure sequences contribute to the absorbance of the solution as measured spectrophotometrically but not to the intensity of the main band. Thus the intensity of the main bands is not as great as it would be for a pure oligonucleotide. This is seen by comparison of lane 6 with lane 3; both lanes have a total loading of 0.1 OD units of oligonucleotide, but lane 6 consists of a single pure species.
The tracking dyes we have employed (bromophenol blue and xylene cyanol) do not absorb strongly at 254 nm and do not interfere to any great extent with the procedure. Their positions on the gel are indicated in Figure 2 and are just visible above the background.
We observed that it is also possible to transfer images onto storage phosphor screens by the reverse process. This involved uniformly charging the screen with UV light, placing objects or translucent images between the screen and the visible eraser light source and exposing the screen to the light source to effectively imprint a shadow of the solid object on the screen. This has opened the way for a variety of forms of hard-copy data to be analyzed by the full range of image analysis software available for the PhosphorImager and other packages, e.g., NIH Image. In the example described in this paper, an existing autoradiogram of a sequencing gel was shadowed to allow utilization of the semiautomated entry and analysis software available for DNA sequences on the PhosphorImager. This method of digitizing autoradiographic data is not vastly superior to conventional scanning devices; it does, however, allow digital images to be made and analyzed even if a scanner is not available.
CONCLUDING REMARKS
Ideally this technique would use UV transparent plates (e.g., quartz) for running the gel; however, in most instances this is impractical, and it is necessary to transfer the gel from the glass plates onto a UV transparent support. We used common plastic material (LDPE) supported by taping to a metal frame. A rigid sheet of UV transparent polymer would also be suitable. The transfer from glass plates to plastic is able to be achieved readily for the 10%-15% gels commonly used for analysis of oligonucleotides, but may be more difficult with more fragile (e.g., 5%) gels. The use of a thin film of water on the LDPE sheet to facilitate the positioning of the gel is highly recommended.
The technique depends on having good quality storage phosphor screens, since as the screens age, they develop chips and blemishes from constant use, which will appear as dark spots or regions on the (inverted) image of the gel. They are readily distinguished from authentic nucleic acids bands but may diminish the appearance of the image and the accuracy of any quantitation.
We have used exclusively storage phosphor screens supplied by Molecular Dynamics, manufactured by Eastman Kodak. Other companies supply screens; however, not all commercially available screens have the same response to the wavelengths of light used in this study, and each type of screen should be tested for its suitability for use in this technique.
We have exposed the storage phosphor screens to shortwave UV light in a darkened room and avoided the unnecessary exposure of screens containing a latent image to visible light. In a test, we left a charged screen partially exposed to a 40-W incandescent light at a distance of 2.5 meters in an otherwise darkened room for a period of 2 min. In this time the average pixel intensity of the exposed portion of the screen decreased from approximately 40 000 to approximately 20 000. Therefore we feel that it is important to minimize exposure of the screens containing a latent image.
